Aims: The aim of this study was to determine whether passaging Pseudomonas aeruginosa PAO1 with sub-MICs of the pyrithione biocides results in both the induction of decreased susceptibility towards these antimicrobials and associated outer membrane profile changes. Methods and Results: Previous work by this group has shown that it is possible to induce susceptibility changes towards the isothiazolone biocides in Ps. aeruginosa PAO1 by successive passages in the presence of increasing sub-MICs of biocide. This procedure was accompanied by the loss of a 35 kDa outer membrane protein, T-OMP. In this experiment, this process was repeated with the biocides sodium pyrithione (NaPT), zinc pyrithione (ZnPT) and cetrimide. The pattern of susceptibility was similar to that observed with the isothiazolone biocides. Upon removal of biocide, the observed MIC did not return to the original pre-exposure value. The onset and development of resistance was accompanied by the loss of T-OMP from outer membrane profiles, which suggests that this is a non-specific membrane channel whose production within the cell is sensitive to biocide presence. The T-OMP reappeared when the cells were passaged in the absence of pyrithione. Cross-resistance studies indicated that induced resistance to one biocide yields partial resistance towards other members of the group and the positive control. Conclusions: These results indicate that the pyrithione biocides have similar susceptibility profiles in Ps. aeruginosa to those exhibited by the isothiazolones, but that the acquired changes in susceptibility to the pyrithiones is largely irreversible. Significance and Impact of the Study: This study indicates that acquired susceptibility changes towards sub-MICs of selected biocides are multifactorial in nature.
INTRODUCTION
Pseudomonas aeruginosa displays high levels of resistance to many antimicrobial agents, which are thought to be related, in part, to the nature of the bacterial cell envelope. The outer membrane plays an important role in excluding harmful molecules from the cell while being selectively permeable to other solutes via it's implanted proteins (OMPs; Nikaido and Vaara 1987) . Many antimicrobial agents enter the cell through the OMPs (Nikaido 1992) . It is suggested that altered cell envelope structures contribute to the permeability of antimicrobial agents, and that the development of resistance or changes in susceptibility towards such agents is related to the over-expression or loss of certain OMPs (Nikaido 1992) .
Previous work by Brözel and Cloete (1994) and this group (Winder et al. 2000) suggests that exposure of Ps. aeruginosa PAO1 to Kathonä (1AE5% aqueous solution; a commercial product containing 1AE15% 5-chloro-N-methyl-isothiazolone (CMIT) and 0AE35% N-methyl-isothiazolone (MIT)) and it's purified active forms results in a gradual decrease in susceptibility towards increasing concentrations of these biocides. This adaptation was associated with the concurrent disappearance of a 35 kDa outer membrane protein (designated T-OMP). These results suggested that the isothiazolones enter susceptible bacterial cells via the T-OMP and that subsequent susceptibility changes are associated with the absence of this protein. The isothiazolones are thiolinteractive biocides with a well understood mode of action (Collier et al. 1990a (Collier et al. , b, c, 1991 . Dinning et al. (1998a, b, c) observed the inhibition of membrane transport and decreases in intracellular ATP levels in bacteria with both sodium pyrithione (NaPT) and zinc pyrithione (ZnPT) (Fig. 1 ). This work suggested significant membrane activity by both NaPT and ZnPT when they were applied to washed cell suspensions of Escherichia coli and Ps. aeruginosa. Leakage of 260 nmabsorbing material, K + electrode studies and scanning electron microscopy indicated significant and differential membrane activity by these compounds (Al-Adham et al. 1998) .
It is the aim of this project to use the passage technique of Brözel and Cloete (1994) as adapted by Winder et al. (2000) to investigate the development of induced susceptibility changes towards the pyrithione biocides in Ps. aeruginosa PAO1, and the relationship between these changes and subsequent shifts in outer membrane profiles, with particular reference to the T-OMP. Cetrimide was used throughout this experiment as a positive, membrane active control.
MATERIALS AND METHODS

Organisms and chemicals
Stock cultures of Ps. aeruginosa PAO1 (NCIMB 10548) were obtained from the NCIMB, Aberdeen and were subcultured in either R2A Medium (Reasoner and Geldrich 1985) or a chemically-defined medium (CDM, Dinning et al. 1998b) . The pyrithione biocides (NaPT and ZnPT) were the kind gift of Zeneca Specialties (Manchester) and cetrimide was the kind gift of Nipa Ltd. All other reagents were purchased from Sigma. The pyrithione biocides were provided as stable powders in sealed containers. The biocides were stored at room temperature until required. Concentrated and dilute solutions of the biocides were prepared daily and discarded after use, although concentrated solutions may be stored frozen if required.
Estimation of minimum inhibitory concentration (MIC)
Minimum inhibitory concentrations of all biocides (NaPT, ZnPT and cetrimide) were determined using the dilution tube method (Bloomfield 1991; Dinning et al. 1998b ). MICs were determined in both R2A medium (9AE0 ml) and CDM (9AE0 ml) with an inoculum of 100 ll from an overnight culture in the same medium grown at 37°C in a shaking incubator (200 oscillations min )1 ). A volume (less than 900 ll) of biocide at known concentration was applied to each dilution tube. The final volume of each tube was adjusted to 10AE0 ml with the addition of sterile distilled water. The tubes were incubated for 48 h at 37°C and observed for growth at 19 h and 48 h. MICs were estimated as the lowest concentration of biocide which inhibited growth.
Induction of biocide susceptibility changes
The induction of changes in biocide susceptibility in Ps. aeruginosa to the pyrithione biocides and cetrimide (positive control) was performed according to the method previously described by Brözel and Cloete (1994) and Winder et al. (2000) . All experiments were conducted as three replicate, independent experiments and results shown are the means of these experiments. Triplicate cultures of Ps. aeruginosa were incubated for 24 h at 37°C in an orbital incubator (Gallenkamp INA-305, Loughborough, UK) at 200 oscillations min )1 . The MIC of the respective biocides was determined according to the tube dilution method (Bloomfield 1991; Dinning et al. 1998b) (Control) . After the estimation of MIC, an aliquot (250 ll) of the original cultures of Ps. aeruginosa was inoculated into fresh medium containing a quarter of the predetermined minimum inhibitory concentration (MIC/4) of biocide. These cultures were incubated for 24 h at 37°C in an orbital incubator at 200 oscillations min )1 . The MIC of the new bacterial cultures was then re-determined (Passage 1). Once the MIC value was re-determined, aliquots (250 ll) of these cultures were inoculated and incubated in fresh medium containing MIC/4 of the newly established MIC. This was repeated until 10 successive passages had been performed in the presence of increasing MIC/4 of the biocide. In between each passage, the cultures were maintained on biocide gradient plates and the inoculum for subsequent passages was taken from the leading edge on the gradient plate. This ensured that the inoculum for each passage was composed of cells exhibiting greatest decrease in biocide susceptibility. The cells from the final passage in the presence of biocide (Passage 10) were then deemed to be tolerant to the selected biocide for the purposes of the study. At this point, aliquots (250 ll) of the final cultures in the presence of biocide were inoculated into fresh medium and incubated as previously described.
The MIC values were re-determined by the tube dilution method (Bloomfield 1991; Dinning et al. 1998b ). This process was repeated until three successive passages had been obtained in the absence of biocide (Passages 11, 12 and 13). Observation of results indicated that three passages in the absence of biocide were insufficient to fully reverse the induced susceptibility changes, but they were deemed sufficient for the experimental purpose, which was to observe the susceptibility-linked disappearance and re-appearance of outer membrane proteins, including T-OMP. This process was repeated in CDM for all three biocides and in R2A medium for two biocides (excluding cetrimide). An aliquot (10 ml) of all passages was centrifuged at 4500 g for 20 min. The cells were washed three times in 25 mmol l )1
Tris-HCl (pH 7AE4) buffer containing 1 mmol l )1 MgCl 2 , and stored dry in a freezer for later analysis of the outer membrane protein profiles.
Outer membrane protein (OMP) preparations
OMPs were prepared for SDS-PAGE analysis according to Pugsley et al. (1986) . An overnight culture of Ps. aeruginosa (1 · 10 9 cfu ml )1
) was centrifuged at 4500 g for 20 min. Cells were washed three times in 25 mmol l )1 Tris buffer (pH 7AE4) containing 1 mmol l )1 MgCl 2 . Cells were homogenized (Ultra-Turrax 0AE25 M, IKA Labortechnik homogeniser, Staufen, Germany) for 5 · 30 s (2AE5 min) on ice, with 30 s cooling intervals. Sarcosine was added to give a final concentration of 2% w/v and samples were kept on ice for 20 min. The insoluble outer membranes were sedimented out by centrifugation at 13 000 g for 1 h at 4°C. The supernatant fluids were removed and the pellets were washed in deionized water (1 ml). The pellet was resedimented by centrifugation at 13 000 g for 1 h at 4°C. Samples were stored frozen ()20°C) until required.
Prior to SDS-PAGE, the pellet was resuspended in 100 ll Tris-HCl buffer (pH 7AE4). An aliquot (50 ll) of the sample was mixed with an equal volume of cracking buffer (TrisHCl (3AE75 ml, 0AE5 mol l )1 , pH 6AE8), mercaptoethanol (1AE5 ml), SDS (0AE6 g), glycerol (3 g), bromophenol blue stock (1 ml, 0AE1% w/v in distilled water), pH 6AE8 made up to 10 ml with distilled water). Samples were heated in a boiling water-bath (Gallenkamp) for 5 min immediately prior to loading onto the stacking gels. The remainder of the sample was stored for subsequent bicinchoninic acid (BCA) protein estimation (Smith et al. 1985) . Denatured protein OMP samples were then run on a Protean II (Bio-Rad, Hemel Hempstead, UK) SDS-PAGE system with a 0AE5 mm, 10% separating gel. A constant current of 35 mA was applied to the gels from a Powerpack 300 (Biorad) for approximately 1AE5 h, or until the bromophenol blue front had reached the bottom of the gel. The gel was removed from it's cast and stained by the silver staining technique (Gooderham 1984) . Gels were then observed and photographed using a Quantimet 600 imaging system (Leica Cambridge Ltd, Cambridge, UK).
Outer membrane profile control experiment
It was suggested that there was the possibility that the T-OMP disappears as a result of some chemical interaction between this protein and the biocides used in these experiments, rather than some internal, physiological response of the cell to biocide presence. This suggestion supposes that it is feasible for such biocides to act as direct chemical agents upon the structure of the T-OMP or other proteins, such that its molecular weight is altered resulting in its misplacement in an OMP profile. This hypothesis is supported by the failure of tolerant MICs to return to the normal, pre-exposure values immediately upon removal of the biocide, coupled with the immediate reappearance of the T-OMP.
The following control experiment was designed to test this hypothesis. Pseudomonas aeruginosa PAO1 was inoculated into R2A medium and grown overnight at 37°C in a shaking incubator (200 oscillations min )1 ). This culture was then used for an outer membrane preparation as above. The outer membrane preparation was then split into even aliquots, which were treated as follows. Aliquot 1 was treated by the addition of MIC/4 of the MIC of passage 10 of ZnPT (in R2A medium). Aliquot 2 was treated by the addition of MIC/4 of the MIC of passage 10 of NaPT (in R2A medium). Aliquot 3 was treated by the addition of an equal volume of buffer used to solubilize the pyrithione biocides. All three aliquots were incubated at 37°C for a period of 1 h. The aliquots were then washed to remove the excess biocides by a series of centrifugation and buffer washing steps similar to those used in the original OMP preparation. The OMP preparations were then run on SDS-PAGE as above. The SDS-PAGE gels were stained using a silver stain technique as above and observed for any changes in outer membrane profile as compared with the control preparation (buffer-treated). The results (not shown) gave no indication of any outer membrane profile changes as a result of this treatment when biocide-treated OMP preparations were compared with the buffer-treated control, thus indicating that the hypothesis above was disproved.
Cross-resistance studies
An aliquot (250 ll) of a culture exhibiting an induced decrease in susceptibility (Passage 10) was inoculated in triplicate into fresh medium (CDM) containing MIC/4 concentration of biocide (MIC determined from the 10th passage). Cultures were incubated for 24 h at 37°C in an orbital incubator at 200 oscillations min )1 . The MIC of this culture was then determined for the other three biocides by the tube dilution method (Bloomfield 1991; Dinning et al. 1998b) . The results were expressed as means of the triplicate test culture MICs. Cross-resistance studies were not performed in R2A medium.
RESULTS
Extended exposure of Ps. aeruginosa PAO1 cells to NaPT, ZnPT and cetrimide resulted in a gradual, stepwise increase in the observed MIC of these compounds up to passage 10 (Figs 2,3,4,5,6 and Table 1 ). Cultures from passage 10 (the last passage in the presence of biocide) were deemed to be sufficiently tolerant for our experimental purposes and were subsequently passaged on three further occasions in the absence of biocide (Passages 11, 12 and 13). In these passages, all cultures exhibited a reduction in MIC as the cultures lost some of their tolerant properties. However, in no case did the MIC return to its original, pre-exposure value. In the case of NaPT in R2A medium (Fig. 2) , the MIC for Passage 11 was 75 lg ml )1 . This value was maintained in both passages 12 and 13, indicating that the loss of tolerance was only partial and yet immediate upon removal of the biocide. A similar picture was found for NaPT in CDM (Fig. 4 and Table 1 ) and for ZnPT in CDM (Fig. 5 and Table 1 ). However, ZnPT in R2A medium ( Fig. 3 and Table 1 ) and cetrimide in CDM (Fig. 6 and Table 1 ) both exhibited a stepwise decrease in MIC after removal of the biocide, indicating a gradual loss of induced tolerance.
The induced biocide tolerance was accompanied by the concurrent loss of T-OMP from the bacterial outer membrane profiles (Fig. 7) , which was coincident with initial exposure to one quarter the MIC of all biocides in both R2A medium and a simple salts medium (CDM; Table 2 ). When the biocide-tolerant cells were then grown in the absence of biocide for three passages, the T-OMP reappeared in the outer membrane profile, but the MIC did not revert to the original, pre-exposure value (Tables 1 and 2 ). This suggests that the induced biocide tolerance is largely irreversible and that the T-OMP is associated with the development of this susceptibility change.
Cross-resistance results indicate that induced susceptibility changes to one biocide yield only partial tolerance towards other members of the group and towards cetrimide, when compared with the pre-exposure MICs (Table 3) . These results show that all cross-resistance test cultures give an increased MIC and hence, decreased susceptibility, when compared with the original, pre-passage MIC. However, the levels of susceptibility observed were generally greater than those observed with the original biocide.
DISCUSSION
The results of Winder et al. (2000) appeared to confirm and extend the observations of Brözel and Cloete (1994) , in that T-OMP disappearance was concurrent with the onset of decreased susceptibility towards the individual components of Kathon ä , N-methyl isothiazolone (MIT) and 5-chloro-N-methyl isothiazolone (CMIT). However, Winder's results (Winder et al. 2000) also indicated that T-OMP reappeared upon subsequent removal of the isothiazolone biocides, while the passaged cultures still exhibited some residual tolerance towards these compounds. This suggests that while T-OMP appearence and disappearance are intimately linked to isothiazolone susceptibility in Ps. aeruginosa PAO1, T-OMP itself is not the cause of this decreased susceptibility. If it were the case that T-OMP was the source of decreased biocide susceptibility in this species, then it would be expected that all signs of passaged susceptibility changes would be accompanied by the absence of this protein from the outer membrane. However, Winder et al. (2000) observed that this was not the case. Winder et al. (2000) also observed that a thiol-interactive biocide, thiomersal, yielded results very similar to those exhibited with the isothiazolones. This would also suggest that T-OMP is not isothiazolone-specific, but may be specific for thiol-interactive biocides in general.
These observations informed the current work, in that an attempt was made to elucidate whether or not other groups of biocides, with dissimilar modes of action, may have similar effects on T-OMP appearence and disappearance in the outer membrane of Ps. aeruginosa PAO1. These biocides were chosen because of their mode of action against the membrane structure of bacterial cells. Cetrimide is an antimembrane agent, which acts by a generalized cationic detergent activity (Hugo and Russell 1992) . This results in the gross dysfunction of bacterial membranes and subsequent leakage of cytosolic components in the order K + , PO 4 3+ and 260 nm absorbing material (Lambert and Hammond 1973) . The pyrithione mode of action was elucidated by Dinning et al. (1998a,b, c) and Al-Adham et al. (1998) , who showed that they act as divalent metal cation chelators at the outer leaflet of the outer or cytoplasmic membranes of bacteria. This results in membrane dysfunction, ion leakage, subsequent biocide entry into the cytosol, generalized chelation of essential ions and inhibition of ATP synthesis (Dinning et al. 1998a, b) . These modes of action are distinctly different from those exhibited by the isothiazolones (Collier et al. 1990ab, c 1991 and thiomersal (Hugo and Russell 1992) .
The results above clearly indicate that a very similar pattern of susceptibility changes and concurrent outer membrane profile shifts occurs when Ps. aeruginosa is exposed to the pyrithione biocides and cetrimide, as compared with that observed with the isothiazolone biocides and thiomersal. The same stepwise increase in MIC upon passaged exposure to biocide, and the subsequent partial return to increased susceptibility when the biocide is removed, are observed with all the biocides tested here and in the previous work by Winder et al. (2000) . Similarly, when Ps. aeruginosa cells are exposed to sub-MICs of pyrithione biocides, they exhibit an immediate loss of T-OMP from their outer membrane SDS-PAGE profiles, which was observed by Brözel and Cloete (1994) and Winder et al. (2000) with the isothiazolones. Subsequent passage of decreased susceptibility cultures in the absence of pyrithione yielded an immediate return of T-OMP to the outer membrane profile, which was also observed by Winder et al. (2000) with the isothiazolone biocides.
In conclusion, these results strongly suggest that T-OMP is not an isothiazolone-specific OMP, as suggested by Brözel and Cloete (1994) , but merely an OMP, the synthesis of which is adversely affected by the presence of biocides of differing modes of action. If this is the case, then T-OMP has some role within the outer membrane, as yet undetermined, but which is also capable of being discarded during periods of biocide challenge. Therefore, it is possible that the Ps. aeruginosa responds to the presence of biocides by some internal reorganization of metabolic processes, which utilizes both the energy and materials normally used in the manufacture and operation of T-OMP for some other, more essential purpose.
